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Reference to Related Applications 
[0001] The present application claims priority under 35 U.S.C. §119 to U.S. 
Provisional Application No. 60/454,851, filed March 12, 2003. 

Background of the Invention 

Field of the Invention 

[0002] This invention relates generally to the manufacturing of SiGe films, such 
as those used for integrated circuit fabrication. More particularly, the invention relates to 
methods for producing thin strain relaxed SiGe buffer layers. 

Description of the Related Art 

[0003] Relaxed SiGe buffer layers are used to produce strained silicon films on 
various substrates, including bulk silicon wafers and silicon-on-insulator ("SOI") wafers. 
These SiGe buffer layers are typically relatively thick, especially on bulk silicon wafers. The 
defect density in the SiGe is often difficult to control, particularly at high Ge concentration. 

[0004] Strained semiconductor materials advantageously provide improved 
electrical carrier mobility properties as compared to relaxed semiconductor materials, thus 
increasing the speed at which semiconductor circuits can operate. A semiconductor layer is 
said to be "strained" when it is constrained to have a lattice structure in at least two 
dimensions that is the same as that of the underlying single crystal substrate, but different 
from its inherent lattice constant. Lattice strain occurs because the atoms in the deposited 
film depart from the positions normally occupied when the material is deposited over an 
underlying structure having a matching lattice structure. Depending on the thickness of the 
strained layer, the degree of strain is related to several factors, including the thickness of the 
deposited layer and the degree of lattice mismatch between the deposited material and the 
underlying structure. 

[0005] Strained semiconductor layers can be formed by epitaxially depositing 
silicon over a strain-relaxed silicon germanium layer. Silicon germanium (hereinafter 
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"SiGe") films are used in a wide variety of semiconductor applications, such as in 
microelectronics fabrication. Because SiGe has a larger lattice constant than silicon, when 
epitaxial SiGe deposition occurs over silicon (such as during deposition on a silicon wafer), 
the epitaxially deposited SiGe is "strained" to the smaller underlying silicon lattice. If a 
strained silicon layer is to be deposited over the SiGe layer, the SiGe layer should first be 
"relaxed" to its natural lattice constant so that the silicon layer deposited thereover will be 
strained. In particular, because a strained SiGe layer has the dimensions of the underlying 
silicon lattice, a silicon layer deposited over a strained SiGe layer will not be strained. In 
contrast, a silicon layer deposited over a strain-relaxed SiGe layer will be strained to conform 
to the larger underlying SiGe lattice. Thus, a strained silicon layer can be produced by 
epitaxially depositing silicon over a relaxed SiGe layer. 

[0006] As the thickness of a strained SiGe layer increases beyond a "critical 
thickness," defects in the crystal structure of the strained SiGe layer appear, thereby inducing 
relaxation. The critical thickness depends on a variety of factors, including growth rates, 
temperature, the degree of lattice mismatch, which is determined by the germanium 
concentration, and the number of defects within the layer underlying the SiGe layer. 
Unfortunately, relaxation is often accompanied by vertically propagating threading 
dislocations, which can adversely affect device operation. 

[0007] To improve device performance, a trend is developing for replacing 
conventional "bulk" silicon wafers with so-called silicon-on-insulator ("SOI") wafers. The 
advantage of SOI technology is that the silicon in which transistors are made is not in 
electrical contact with the remainder of the wafer, such that no cross-talk among transistors 
takes place through the wafer bulk. The transistors are more effectively electrically isolated 
from one another. 

[0008] SOI technology typically employs a thin (e.g., about 100 nm) insulating 
layer between the active semiconductor layer and the wafer, across the entire wafer or at least 
in those areas where active devices will be formed in the semiconductor layer. Silicon oxide, 
silicon nitride, or a combination of the two are typically employed as the insulating layer. 
These materials are amorphous, have excellent electrical properties, and the technology for 
integrating silicon nitride and/or silicon oxide is very well developed. 



[0009] Two conventional technologies have been developed forming the SOI 
structures. One technology, known as SMOX, starts with a semiconductor structure such as 
a silicon wafer and employs high energy implantation of oxygen atoms to form an oxide layer 
greater than about 100 nm below the surface of the silicon wafer. High temperature 
annealing then forms a buried silicon oxide, and at the same time repairs crystal defects in the 
surface silicon that are created by implantation. The surface silicon remains a semiconductor 
material, and the crystal structure thereof is restored by the annealing process. These steps 
are rather expensive, however, and the quality of the insulating layer and the active silicon 
thereover is somewhat compromised. 

[0010] Another method for forming SOI structures is based on bonding a 
sacrificial silicon wafer onto an oxidized silicon wafer. By grinding or other thinning 
process, the sacrificial silicon wafer is reduced to a very thin, active semiconductor layer over 
the oxide from the other substrate. The thinning process, however, is critical to achieving 
high quality in the SOI structure, since the ultimately desired thickness uniformity of the 
active semiconductor layer is about 5 nm ± 0.1 nm. Furthermore, the bonding and thinning 
processes are complicated and rather expensive. 

[0011] Strained silicon and SOI are complementary technologies and several 
attempts have been made to fabricate SiGe-On-Insulator (SGOI) substrates. 

[0012] An attractive method to obtain SiGe on bulk silicon or an SOI substrate is 
to epitaxially deposit a strained SiGe layer, keeping the thickness and the Ge concentration 
below values at which the film relaxes. The SiGe film is then oxidized in such a way as to 
selectively oxidize the silicon, thereby extracting the silicon from the SiGe film. As a result, 
the Ge is concentrated in the remainder of the film. This has been found to result in a 
controlled relaxation of the SiGe, with a relatively low number of threading dislocations. 
See, for example, Takagi et al. Materials Sci. and Eng. B89:426-434 (2000). However, as the 
oxidation process consumes the silicon from the top of the structure, the germanium 
concentration below increases, creating a higher concentration of Ge in the remaining SiGe 
film near the top of the structure. As a result, most of the dislocations occur near the top of 
the film, which can lead to defective formation of the subsequently deposited strained silicon 
layer. 



-3- 



Summary of the Invention 
[0013] According to one aspect of the present invention, a method is provided for 
forming a strain-relaxed SiGe layer on a substrate. In a preferred embodiment, the method 
comprises depositing a reverse graded strained SiGe layer onto a substrate, the reverse graded 
SiGe film having a lower surface in contact with the substrate and an upper surface, wherein 
a first Ge concentration at the lower surface is greater than a second Ge concentration at the 
upper surface. The reverse graded SiGe film is oxidized to produce a strain-relaxed SiGe 
layer. 

[0014] In the reverse graded SiGe film, the first Ge concentration is preferably in 
the range of about 20 atomic % to about 50 atomic % prior to oxidizing. More preferably the 
first Ge concentration is about 40 atomic % prior to oxidizing. The second germanium 
concentration is preferably in the range of about 0 atomic % to about 10 atomic % prior to 
oxidizing, more preferably about 0 atomic %. 

[0015] The reverse graded SiGe layer is preferably oxidized by exposure to an 
oxidizing agent, such as water or oxygen. In some embodiments oxidizing comprises dry 
oxidation, while in other embodiments oxidizing comprises wet oxidation. 

[0016] After oxidizing, the Ge concentration in the strain-relaxed SiGe layer 
preferably varies by less than about 5% between the upper and lower surfaces. 

[0017] In one embodiment the substrate is a single-crystal silicon substrate. The 
single-crystal silicon substrate may further comprise an epitaxial silicon layer. In another 
embodiment the substrate is an SOI substrate. 

[0018] According to another aspect of the invention, a method of forming a 
strained silicon layer on a substrate is provided. A strained SiGe layer comprising a top and a 
bottom is deposited on the substrate, such as a bulk silicon wafer or an SOI substrate. The 
substrate optionally comprises an epitaxial silicon layer, the strained SiGe layer is oxidized 
resulting in a silicon oxide layer over a strain-relaxed SiGe layer. The oxide is removed, for 
example by wet etching and a strained silicon layer is deposited over the strain-relaxed SiGe 
layer. 



[0019] In one embodiment the Ge concentration increases from the top of the 
SiGe layer to the bottom of the SiGe layer prior to oxidizing. 

[0020] Preferably, oxidizing comprises exposing the SiGe layer to an oxidizing 
agent, such as water or oxygen. In one embodiment oxidizing comprises exposing the 
substrate to an oxidizing agent at a temperature between about 850°C and about 1150°C. 
Oxidizing may comprise dry oxidation or wet oxidation. 

[0021] According to a further aspect of the invention, a method is provided for 
forming a strain-relaxed SiGe layer on a substrate in which the concentration of Ge is highest 
close to the interface with the substrate. A strained SiGe layer is preferably deposited onto 
the substrate, the SiGe layer comprising a lower surface in contact with the substrate and an 
upper surface. The germanium concentration at the lower surface is preferably greater than 
the germanium concentration at the upper surface prior to oxidation. The strained SiGe layer 
is oxidized under conditions that cause the layer to relax to the lattice constant of SiGe, while 
a higher concentration of germanium at the substrate interface is maintained. 

[0022] These and other embodiments are described in greater detail below. 

Brief Description of the Drawings 

[0023] These and other aspects of the invention will be readily apparent from the 
following description and from the appended drawings, which are meant to illustrate and not 
to limit the invention, and wherein: 

[0024] Figure 1 illustrates the Ge concentration as a function of thickness in a 
reverse graded SiGe layer. 

[0025] Figure 2 illustrates the Ge concentration in the resulting SiGe as a function 
of thickness following oxidation of the reverse graded SiGe layer. 

[0026] Figure 3 illustrates a strained SiGe reverse graded layer formed on a bulk 
silicon substrate. 

[0027] Figure 4 illustrates the structure resulting from oxidation of the strained 
SiGe reverse graded layer, including a relaxed SiGe layer covered by a layer of silicon oxide. 

[0028] Figure 5 illustrates a structure comprising a strained silicon layer over a 
strain-relaxed SiGe layer. 
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Detailed Description of the Preferred Embodiment 

[0029] Methods have now been discovered for making relaxed SiGe films having 
a relatively low number of vertically propagating or threading dislocations. In preferred 
embodiments, a reverse graded strained SiGe film is oxidized to at least partially "rectify" the 
gradation of the film, so that the resulting strain-relaxed SiGe film has a more even 
distribution of Ge than the reverse graded SiGe film from which it was formed. This avoids 
the formation of a higher concentration of Ge at the top of the layer. Rather, the resulting Ge 
concentration is relatively even throughout the layer and most of the misfit dislocations occur 
at the substrate/SiGe interface rather than near the interface of the SiGe layer with a 
subsequently deposited strained silicon layer. 

[0030] Although generally described below in terms of the formation of a relaxed 
SiGe layer on a bulk silicon substrate, one of skill in the art will recognize that the methods 
described herein can be applied to other contexts, such as the formation of relaxed SiGe 
layers on SOI substrates. 

[0031] The use of graded SiGe layers is well-known in the art. However, these 
layers are typically graded from a low concentration of germanium at the substrate interface 
to a higher concentration of germanium at the top of the layer. In contrast, a reverse graded 
SiGe layer is utilized in the preferred methods. As used herein, a " reverse graded" SiGe 
layer is one in which the Ge concentration at the bottom of the film (near the substrate 
interface) is higher than the Ge concentration at the top of the film. 

[0032] In the preferred embodiment, a reverse graded SiGe film is deposited onto 
a substrate. A "substrate" is a single crystal structure, such as a bulk silicon wafer, an SOI 
substrate, or a substrate comprising an epitaxial silicon layer. The thickness of the reverse 
graded SiGe layer is kept below the critical thickness so that strain is maintained. The SiGe 
film is then subject to oxidizing conditions. As the reverse graded SiGe film is oxidized, the 
silicon at the top is selectively removed, thus increasing the relative concentration of Ge at 
the top of the SiGe film and thereby decreasing the difference in Ge concentration between 
the top and the bottom of the film. 
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[0033] Preferably, the SiGe film thickness, reverse gradation profile and oxidation 
parameters are selected so that a given oxidation process results in a SiGe film with a 
substantially uniform germanium concentration as reflected by a relatively flat gradation 
profile at the end of the oxidation process. A substantially uniform germanium concentration 
is one in which the concentration of germanium varies by less than about 5%, more 
preferably by less than about 1% across the thickness of the SiGe film. However, in some 
embodiments it is desirable to maintain the highest germanium concentration at the 
substrate/SiGe interface. 

[0034] Heteroepitaxial deposition of a reverse graded SiGe film on a substrate 
may be accomplished by any method known in the art. Well known methods exist for such 
heteroepitaxy, ranging from batch, furnace-based low pressure CVD (LPCVD) to single- 
wafer, cold-wall chamber based rapid thermal chemical vapor deposition (RTCVD) 
processes. These deposition processes may employ any of a number of silicon precursors, 
germanium precursors and carrier gases and may be performed under a variety of pressures, 
flow rates and temperatures. For example, SiGe may be deposited by CVD from a siliocn 
precursor and a germanium precursor. Preferred silicon precursors include, without 
limitation, silane, disilane, trisilane, dichlorosilane, trichlorosilaneor and tetrachlorosilane. 
Germanium precursors include, without limitation, GeH 4 and digermane. Other silicon and 
germanium precursors that may be used will be apparent to one of skill in the art and the 
skilled artisan will be able to select optimum deposition conditions for a particular 
application without undue experimentation. 

[0035] The SiGe film is preferably heteroepitaxially deposited such that the SiGe 
film is strained. A reverse graded film is formed by decreasing the concentration of 
germanium deposited as the deposition proceeds. This may be accomplished, for example, 
by decreasing the relative proportion of germanium precursor flow during deposition and/or 
by adjusting the deposition temperature. 

[0036] While the SiGe gradation profile prior to oxidation may have various 
shapes, in preferred embodiments the shape reflects a Ge concentration at the bottom of the 
film that is higher than the Ge concentration at the top of the film and preferably high enough 
that relaxation misfit dislocations tend to form and propagate near the bottom of the film. 
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That is, prior to oxidation the as-deposited SiGe film has a higher Ge concentration at the 
interface between the SiGe film and the substrate than at the top of the film. In one 
embodiment, the gradation profile is essentially linear, as illustrated in Figure 1. 

[0037] Preferably, at the substrate/SiGe interface the SiGe layer comprises 
between about 20% and about 50% Ge. In one embodiment the Ge concentration of the SiGe 
film at the substrate/SiGe interface is greater than or equal to about 20% Ge, more preferably 
greater than or equal to about 30% Ge, yet more preferably greater than or equal to about 
40% Ge. In the illustrated embodiment the SiGe film comprises about 40% Ge at the 
substrate/SiGe interface (Figure 1). While the Ge concentration at the substrate/SiGe 
interface is typically less than about 50%, higher concentrations are possible. 

[0038] The Ge concentration at the surface of the SiGe film is preferably lower 
than the Ge concentration at the substrate/SiGe interface, and may be as low as zero, as 
illustrated in Figure 1. In one embodiment the the SiGe film comprises between about 0% 
and about 10% Ge at the surface. Again, the grading profile, including the concentration of 
Ge at the SiGe substrate interface and at the upper surface of the SiGe film, is preferably 
selected such that after oxidation the SiGe film will have a relatively flat gradation profile 
indicative of a substantially uniform Ge concentration. One of skill in the art will be able to 
optimize the initial gradation profile without undue experimentation. 

[0039] As discussed above, after deposition the graded SiGe layer is oxidized. 
Oxidation conditions are preferably selected that result in a relaxed SiGe layer with relatively 
flat Ge concentration profile (Figure 2). Preferably oxidation is accomplished by exposing 
the substrate to an oxidizing environment. Any oxidant known in the art may be used, 
preferably water or oxygen. 

[0040] In a preferred embodiment, oxidation of the reverse graded SiGe film 
leads to diffusion of Ge throughout the layer, resulting in more uniform distribution of 
germanium throughout the SiGe layer, producing a flatter overall gradation profile, as 
illustrated in Figure 2. In addition in some embodiments oxidation is carried out at a 
temperature such that Ge will also diffuse from the SiGe film into the underlying substrate, 
resulting in movement of the substrate/SiGe interface. By controlling the oxidation 



conditions, the ultimate location of the interface, the Ge concentration and the thickness of 
the SiGe layer can be controlled. 

[0041] The oxidation conditions lead to concentration of the Ge in the SiGe layer, 
thereby decreasing the critical thickness for relaxation. As a result, one of skill in the art will 
preferably select a thickness and gradation profile for the initially deposited film, such that 
following oxidation the SiGe layer will exceed its critical thickness and will relax. An 
oxidation temperature is selected that enables the desired degree of oxidation and therefore 
the desired final germanium concentration and thickness of the SiGe film. In addition, the 
thermal energy provided by the oxidation temperature may contribute to relaxation of the 
SiGe film. If desired, a temperature can be selected that will contribute to relaxation in this 
way. 

[0042] Oxidation is preferably carried out at a temperature between about 850°C 
and about 1150°C. The oxidation may be wet oxidation or dry oxidation. In one 
embodiment, oxidation is carried out using oxygen at a temperature of greater than about 
900°C, more preferably greater than about 1000°C, even more preferably greater than about 
1 100°C and yet more preferably at about 1 150°C. 

[0043] Oxidation is preferably carried out for a sufficient time to produce a 
uniform germanium distribution in a SiGe layer of the desired thickness, as may be readily 
determined by one of skill in the art through routine experimentation. 

[0044] At lower oxidation temperatures, the amount of Ge diffusion is reduced. 
Thus, it is possible to maintain the highest germanium concentration at the substrate/SiGe 
interface during relaxation. For example, if half of the initial SiGe layer is oxidized and 
almost no germanium is lost in the oxidation process, it is possible to have a substantially flat 
Ge concentration profile for a large portion of the film from the top down, while still having 
the highest Ge concentration at the substrate/SiGe interface. The substrate/SiGe interface 
preferably acts as a medium for propagation of the dislocations such that the top part of the 
film contains fewer dislocations than the lower part. Preferably the top of the SiGe layer is 
essentially dislocation free. 

[0045] The combination of (a) a non-flat gradation profile in the as-deposited 
graded SiGe film (which provides a higher concentration of Ge at the interface), and (b) an 



oxidation process in which the process parameters (time, temperature, etc.) are tuned to 
selectively oxidize the silicon in the upper part of the film to flatten the gradation profile, 
together produce a SiGe film in which the location of the interface is controlled and the 
dislocations produced during relaxation are controlled and confined. 

[0046] Extraction of the silicon and concentration of the germanium results in a 
thinner SiGe film compared to the SiGe film initially deposited. One of skill in the art can 
readily determine the thickness of the initial SiGe layer and the oxidation conditions 
necessary to produce a SiGe layer with the desired thickness and SiGe concentration, such 
that relaxation occurs at the oxidation temperature. 

[0047] The oxidation process yields a SiC>2 layer on top of the SiGe layer. The 
thickness of the Si0 2 layer will be determined by the oxidation conditions. In a preferred 
embodiment, the SiC>2 layer is subsequently removed, such as by selective etching or CMP. 
In a preferred embodiment, a wet etch process is used. A strained silicon layer is preferably 
deposited over the relaxed SiGe layer by processes known in the art. 

[0048] Figure 3 illustrates a bulk silicon substrate 100 on which a strained, 
reverse graded SiGe layer 200 has been epitaxially deposited. Exposure to oxidizing 
conditions leads to extraction of the silicon and formation of a silicon oxide layer 300 over 
the SiGe layer 200, as illustrated in Figure 4. The thickness of the SiGe layer 200 is also 
reduced by the oxidation process. As discussed above, high temperature oxidation may cause 
germanium to diffuse from the SiGe layer 200 into the underlying silicon substrate 100. 

[0049] In a preferred embodiment, the silicon oxide layer 300 is removed, such as 
by wet etching and a strained silicon layer 400 is deposited on the SiGe layer 200 (Figure 5). 

[0050] It will be appreciated by those skilled in the art that various omissions, 
additions and modifications may be made to the processes described above without departing 
from the scope of the invention, and all such modifications and changes are intended to fall 
within the scope of the invention, as defined by the appended claims. 
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